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Abstract
We calculate the radiative capture cross section for 7Be(α, γ)11C and its reaction rate of
relevance for the big bang nucleosynthesis. The impact of this reaction on the primordial 7Li
abundance is revised including narrow and broad resonances in the pertinent energy region.
Our calculations show that it is unlikely that very low energy resonances in 11C of relevance
for the big bang nucleosynthesis would emerge within a two-body potential model. Based
on our results and a comparison with previous theoretical and experimental analyses, we
conclude that the impact of this reaction on the so-called “cosmological lithium puzzle” is
completely irrelevant.
Keywords: Lithium puzzle, BBN, radiative capture
1 Introduction
Since it was devised more than half a century ago, the successes of the big bang theory turned it into
a powerful tool to probe the physics in the early universe and allowed one to explore phenomena
beyond the standard model of particle physics. The big bang model assumes an isotropic and
homogeneous universe with a radiation dominated expansion. The only parameter of the theory
is the baryon number density to photon number density ratio ηB, which can be determined with
a high precision by the analysis of the anisotropies of the cosmic microwave background (CMB).
Such anisotropies have been observed with the Wilkinson Microwave Anisotropy Probe (WMAP)
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[1] and with the Planck mission [2]. As a plethora of data were disclosed, including nuclear
abundances and other astronomical observations, it was found that the big bang model predictions
agree with observations of light nuclei abundances such as deuterium and helium. However, the
Big Bang Nucleosynthesis (BBN) prediction for the 7Li abundance is about 3 times larger than
the observations [3, 4]. In fact, the lithium abundance [7Li/H]BBN is predicted to be 5.12
+0.71
−0.62 ×
10−10 [3] if one uses ηB deduced by WMAP observations [1] and 4.89+0.41−0.39 × 10−10 [4] if one uses
ηB derived from Planck results [2]. However, the most recently observed value for [
7Li/H] in
metal-poor halo stars is 1.58+0.35−0.28 × 10−10 [5]. This discrepancy is known in the literature as the
cosmological lithium problem. For about two decades, various theoretical efforts to solve this
problem have been undertaken but so far no acceptable justification was found within nuclear
physics. Non-nuclear physics solutions, including models beyond the standard BBN have been
reported [6, 7, 8, 9, 10, 11, 12], although there are so far no experimental evidences to support
these models.
After nucleosynthesis during the big bang occurred, 7Li was synthesized by other processes
during novae, pulsations of asymptotic giant branch stars and by spallation reactions of cosmic-
rays with carbon and oxygen [13]. Low metallicity stars are thus considered ideal sites for detecting
primordial Li abundance and, to date, almost all the observations focus on metal-poor stars in
the halo of our galaxy. The value of [7Li/H] from the evaluation of Sbordone et al. [5] is adopted
extensively as the standard value of the primordial lithium abundance. BBN calculations with a
nuclear physics focus have been reported in several works which can be divided into two categories;
nuclear reactions to create 7Li and those destroying 7Li [14]. BBN predicts that the the majority
of the primordial 7Li production arises from the 7Be decay by electron capture during the two
months after BBN stops. Thus, for the solution of the Li problem, reactions involving 7Be could
be more significant than those involving 7Li.
In Ref. [15], it was mentioned that the 3He(α,γ)7Be and 7Be(n, p)7Li reactions are the leading
reactions for the production and destruction of 7Be. Many studies have focused on these two
reactions during the past few years and will probably continue in the near future. However,
recent theoretical and experimental investigations suggest that these reactions may not solve the
lithium problem [17, 18, 16]. 7Be(n, α)4He is another neutron capture reaction responsible for
the destruction of 7Be which has also been investigated in several works [19, 20, 21, 22]. But the
results show that it could only worsen the lithium problem.
Despite of several failed attempts, studies based on the nuclear physics input for the BBN
are still ongoing. Ref. [16] lists a series of nuclear reactions and analyze their role in solving the
lithium problem. Almost all of the potential solutions considered in that work have been ruled out
by their theoretical analysis, except maybe for the 7Be(α, γ)11C reaction. The authors speculate
that an yet to be observed narrow resonance in the low energy region in 11C could significantly
reduce the 7Li BBN abundance [16]. Similar speculations have been also presented in Ref. [23]
but with a relatively wide resonance. On the other hand, an experiment reported in Ref. [24]
probably suggests that no resonance exists in the low energy region of this system.
Theoretical calculations for the cross section of 7Be(α, γ)11C reaction at the required BBN
energies include potential model calculations as in Refs. [25, 26] and calculations using three-
cluster Generator Coordinate Method as in Ref. [27]. These calculations show that in the low
energy region (Ec.m. = 0 − 3 MeV), of relevance for BBN (T9 = 0.01 − 1), the astrophysical
factor is dominated by several resonances in 11C. Within the temperature range corresponding
to the BBN, the reaction rates have contributions from the astrophysical S-factor originated by
the decaying tail of a sub-threshold resonance, by two narrow resonances, and by the tail of high
energy resonances in 11C. Regarding the low energy resonance structure of 11C, there are only two
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narrow resonances at excitation energies of Ex = 8.105 (c.m. energy = 0.884 MeV) and 8.421
MeV (c.m. energy = 1.376 MeV), respectively, for which both the α and γ widths are properly
known [28]. Recently, in Refs. [29, 30] results for the scattering of α-particles on 7Be have been
reported and an analysis of the resonant structure of 11C was performed in the excitation energy
range around 8.6−13.8 MeV. But this energy region contributes to the 7Be(α, γ)11C reaction rate
at high temperatures and have little influence on the rates corresponding to BBN temperatures.
In this paper, we revisit the 7Be(α, γ)11C reaction with a potential model method [31, 32] and
study its impact on the 7Li abundance using the available structure information of 11C. Our work
highlights other possible scenarios for this reaction rate.
The paper is organized as follows. In section 2 we explain in brief the potential model formalism
and its relation to the radiative capture cross section and to the reaction rates for the A(α, γ)B
reaction. In section 3, we discuss our results for the impact of the 7Be(α, γ)11C reaction rate on
the BBN 7Li production. Our summary follows in section 4.
2 Formalism
In the potential model, the radiative capture cross sections for the process A+α→ B + γ taking
place via an electric transition of multipolarity L, are given by the relation [31, 32],
σ = 2 pi
(2 lf + 1)(2 Jf + 1)
(2 JA + 1)(2 Jα + 1)
(~ c)3
µαA c2
k
E2
e2
~ c
∑
Ji
(2 Ji + 1)
×
∑
L
(
Zeff(L)
)2 (L+ 1)(2L+ 1)
L
k2L+1γ(
(2L+ 1)!!
)2 (〈lf 0 L 0∣∣li0〉)2{ lf s JfJi L li
}2 ∣∣Rlf sLJf li Ji(k)∣∣2,(1)
where li, is the relative angular momentum in the initial channel with total angular momentum Ji
and channel spin s. E = k2/(2µαA) is the initial relative kinetic energy between A and α, with k
being the corresponding momentum and µαA the reduced mass. kγ = (E+ )/~ is the momentum
of the photon emitted during the transition from the initial state li, s, Ji to the final state lf , s, Jf ,
and  is the binding energy of the final state B = A + α. In Eq. (1), eZeff(L) is the effective
charge for the electric transitions of multipolarity L, and is given by
eZeff(L) = e
[
Zα
(mA
mB
)L
+ ZA
(
− mα
mB
)L]
, (2)
where mi and Zi are the masses and charges of respective particles. Rlf sLJf liJi(k) is the radial
overlap integral given by
Rlf sLJf liJi(k) =
∫ ∞
0
dr rL+2 Ilf sJf (r)ψ
(+)
lisJi
(k, r), (3)
where r is distance between A and α. ψ
(+)
lisJi
is the initial scattering wave function and Ilf sJf (r) is
the final state radial overlap function. In the asymptotic region, the shape of the radial overlap
function is governed by the Whittaker function (W ), i.e.,
Ilf sJf (r)
r>R0≈ Clf sJf W−ηf , lf+1/2(2κ r)/r, (4)
where ηf and κ are the Coulomb parameter and the wave number corresponding to the A − α
bound state, respectively. R0 is the channel radius beyond which the nuclear interaction between
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particles A and α becomes negligible. Clf sJf is the asymptotic normalization coefficient (ANC),
here given in units of fm−1/2, for the virtual decay B → A+ α.
The radial integral R is the most important quantity to obtain the radiative capture cross
section, involving calculations of the radial overlap function Ilf sJf (r) and the scattering wave
function ψ
(+)
lisJi
(k, r). To simplify the problem, we will use a two-body potential model to calculate
both Ilf sJf (r) and ψ
(+)
lisJi
(k, r). But notice that the overlap function in Eq. (3) is essentially a
many-body object which could also be calculated with more elaborated nuclear reaction models.
In the two-body potential model [31, 32] the radial overlap function Ilf sJf (r) can be expressed
in terms of the final bound state wave function φnrlf sJf (r) as
Ilf sJf (r) = S
1/2
nrlf sJf
φnlf sJf (r), (5)
where Snrlf sJf is the spectroscopic factor for the bound state of B in the final channel, n is the
principal quantum number and represents the number of nodes in the radial bound state wave
function (here we exclude the node at the origin). For the asymptotic region (r > R0), the bound
state wave function in the two body potential model is given by,
φnlf sJf (r)
r>R0≈ bnlf sJf W−ηf lf+1/2(2κ r)/r. (6)
The parameter bnlf sJf is known as the single-particle ANC and depends on the bound-state po-
tential parameters.
To calculate the wave functions we use an extended version of the potential model code RAD-
CAP [31] and generated the wavefunctions with a Woods-Saxon potential. For some fixed radial
(r0) and diffuseness (a) parameters, the bound state wave function is obtained by adjusting the
potential depth (V0) to reproduce the binding energy. For the continuum wave function the
asymptotic behavior is taken in the form
ψ
(+)
lisJi
(k, r) ≈ e
−iδlisJi
2 i r
[
Ili(k, r)− e2iδlisJiOli(k, r)
]
, (7)
where δlisJi is the scattering phase shift and Ili , Oli are the incoming and outgoing spherical
waves, respectively which can be expressed in terms of the regular (Fl) and singular (Gl) Coulomb
function as,
Ili(k, r) = Gli(k, r)− i Fli(k, r),
Oli(k, r) = Gli(k, r) + i Fli(k, r).
For the case of resonances, the potential parameters (r0, a, V
c
0 ) are adjusted to reproduce the
experimental resonance energies, resonance widths and scattering phase shifts [32, 31, 33]. In
this work, we use Eq. (5) to calculate the radial overlap function because the ground state of
11C is deeply bound and the ANC method can not be used as the capture to ground state is not
peripheral.
From the cross sections [Eq. (1)], one can calculate the astrophysical factor using the relation
S(E) = E e2pi ηi σ(E), (8)
where ηi is the Coulomb parameter in the initial channel. The nuclear reaction rate per mole, in
general, can be calculated from the cross sections by using the relation
NA〈σv〉 = NA
( 8
pi µαA
)1/2 1
(kB T )3/2
∫ ∞
0
σ(E)E exp
(
− E
kBT
)
dE, (9)
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where kB is the Boltzmann constant and NA is the Avogadro number. T is the temperature in
kelvins and is typically of the order of gigakelvins for astrophysical reactions during the BBN.
In the case of narrow resonances (Γ << Er), the S-factors are calculated using the Breit-Wigner
formula,
σr =
pi
k2
(2Jr + 1)
(2JA + 1)(2Jα + 1)
Γα Γγ
(E − Er)2 + (Γ/2)2 , (10)
where Γα and Γγ are the partial widths in the entrance and decay channel and Γ is the total
width. Er and Jr are the resonance energy and the spin of the initial resonance state in nucleus
B. Note that in order to calculate the resonance cross section over a wide energy range one has
to use energy dependent widths in both channels. These are, e.g., given by Eqs. (38− 40) of Ref.
[34]. The contribution to the reaction rates by very narrow resonances can be approximated as
NA〈σv〉r = 1.54× 1011 (ωγ)
(µαAT9)3/2
exp
[
−11.605Er
T9
]
,
(11)
where T9 is the temperature in units of 10
9 K. The quantity ωγ is known as the resonance strength
and can be obtained from experiments. It is given by
ωγ =
(2Jr + 1)
(2JA + 1)(2Jα + 1)
Γα Γγ
Γ
. (12)
In Eq. (11), we use the reduced mass µαA given in atomic mass units and Er and ωγ given in
units of MeV.
With the results for the reaction rates of the 7Be(α, γ)11C reaction, we perform BBN calcula-
tions using a BBN code based on the Wagoner code [35] and similar to NUC123 [36] to study the
effect of this reaction on the 7Li abundance.
3 Results and discussion
3.1 Astrophysical S-factor
We first discuss the results for the radiative capture cross section and the astrophysical S-factor
for the 7Be(α, γ)11C reaction in the energy range 0−3 MeV. In this energy region there are several
resonances in 11C which can contribute to the cross sections. However, for the rate calculations
corresponding to BBN temperatures, only the cross sections below 1 MeV are important as the
Gamow peak for this reaction lies in the energy range 0.14 − 0.7 MeV for temperatures within
T9 = 0.1 − 1. As mentioned earlier, only some theoretical estimates are available for this S-
factor [27, 25, 26] and there is insufficient experimental data. The latest estimates of the S-factor
and rates, which have been used as reference in many studies, are those from the NACRE-II
compilation [26]. These are based upon potential model calculations and resonance information
(position and total width) extracted from the compilation [37]. In the low MeV energy region
(< 8.5 MeV) important for the BBN rate calculations only two narrow resonances in 11C situated
respectively at excitation energies of 8.105 MeV (c.m. energy = 0.884 MeV) and 8.421 MeV
(c.m. energy = 1.376 MeV) are properly known [28], i.e., for which the resonance widths in both
channels are known. The S-factor in the low energy region is mainly contributed by the sub-
threshold resonance at Ex = 7.50 MeV, the tails of high energy resonances [27, 25, 26] and by the
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above mentioned narrow resonances albeit with small contributions. But, while these two narrow
resonances only have a limited effect on the S-factor and on the reaction rate at low temperatures,
for the full temperature range of a BBN environment they contribute to the major part of the
reaction rate, as shown in Figure 3.
Table 1: Woods-Saxon potential parameters used to calculate the wave function of the respective
state. The potential parameters r0, a0 and the spectroscopic factors (SF) for the resonance states
are taken from Ref. [26].
Jpi Ex (MeV) li r0 (fm) a0 (fm) V0 or V
c
0 (MeV)
3/2− 0.0 0 0.90 0.50 −68.95 1.0
5/2+ 8.869 1 0.70 0.40 −55.99 0.1
3/2− 9.645 2 0.82 0.60 −53.96 2.8
5/2− 9.780 2 1.08 0.16 −34.36 0.23
7/2− 9.970 2 0.93 0.10 −92.27 1.92
We would like to remind that in our potential model calculations, apart from the non-resonant
contribution, we take into account only those resonances in the above mentioned energy region
which decay via electric E1 and E2 transitions. We mainly take into account the 5/2+ (Ex = 8.8699
MeV, Er = 1.16 MeV), the 3/2
− (Ex = 9.645 MeV, Er = 2.11 MeV), the 5/2− (Ex = 9.780 MeV,
Er = 2.24 MeV) and the 7/2
− (Ex = 9.970 MeV, Er = 2.43 MeV) resonances in our calculations.
The resonance parameters for these states are taken from Ref. [37] and we follow Ref. [26] for
potential parameters and spectroscopic factors for the different states which have been adjusted
to fix the width and position of each resonance. In our calculations we do not take into account
the spin-orbit coupling.
Table I displays the values of Woods-Saxon potential parameters used for the different states.
For each resonance, the depth of the potential (V c0 ) is adjusted to fix its position which is different in
our calculations than in Ref. [26]. But the potential parameters for the non-resonant contribution
are kept the same as those in Ref. [26]. For the sub-threshold resonance 3/2+ (Ex = 7.5 MeV,
Er = −0.045 MeV) state we take into account the direct capture transition to this state along
with the resonant contribution from sub-threshold to ground state. While the direct capture is
a transition from li = 0, the resonant capture is a transition from li = 1 and therefore these
two transitions do not interfere. The direct capture cross sections are calculated using potential
depths V c0 = −60 MeV, V0 = −171.16 MeV with radial and diffuseness parameters being the same
as those for the ground state. The resonant contributions are obtained using Eq. (10), which
requires information about the formation and decay widths. In order to obtain these widths we
follow the R-matrix formalism given in Ref. [34], which needs spectroscopic information of the
sub-threshold and ground state of 11C. As these parameters are not known, we use the concept
of mirror symmetry and try to deduce them from the mirror nucleus 11B. Following the method
discussed in Ref. [34], we calculate the SF for the 3/2+ (Ex = 7.977 MeV) state in
11B, by fitting
its observed radiative width (Γγ = 0.53 eV [37]) for the E1 transition to the ground state. These
calculations also need spectroscopic amplitudes for the ground state, which is obtained by fitting
the observed Γγ (0.2 eV) for the E1 decay of 5/2
+ resonance at Ex = 9.271 MeV [37, 28] to the
ground state of 11B. Since the transitions in 11B are not peripheral, we extract the SFs instead
of ANCs from our calculations, which for the 3/2+ state, with potential parameters r0 = 0.9 fm
and a0 = 0.5 fm, comes out to be about 10. If the mirror symmetry holds then this SF should
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Figure 1: Calculated astrophysical S-factor for the 7Be(α, γ)11C reaction (solid line). The lower
and upper dashed lines give the extreme limits of our calculations. The cyan band in the figure
represents the limits of S-factors from the NACRE-II compilation [26]. The dot-dashed and
double-dot-dashed lines show the S-factor of two narrow resonances in 11C situated at Ex = 8.105
and 8.421 MeV, respectively, calculated using Breit-Wigner parametrizations. For details see text.
remain the same for the corresponding 3/2+ state of 11C with the same potential parameters. We
then use this SF to calculate the Γα and Γγ for the 3/2
+ sub-threshold resonance in 11C, which
are then used in Eq. (10) to get the resonant contribution to the S-factor. The uncertainties in
the S-factors are calculated by varying the SF for ground, SFgs, and sub-threshold state, SFst,
keeping the relative transition probability (∝ SFgs × SFst) of these states fixed as 10. Therefore,
we use this freedom to vary the individual spectroscopic factors with the range 1-10, keeping their
product constant. The value of Γα of the sub-threshold resonance calculated at ∼ 4.6 keV for a
channel radius equal to 9.0 fm comes out to be 5.87 × 10−72 eV if the SFst of this state is taken
as 1 and it comes out to be 5.87× 10−71 eV if SFst = 10. On the other hand, Γγ remains same as
20.85 eV for both cases as it depends upon the spectroscopic factors of both the ground and the
sub-threshold state. For rest of calculations in this work, we adopted the average values of these
parameters, i.e., Γα as 3.228× 10−71 eV and Γγ as 20.85 eV.
In Fig. 1, we plot our total S-factor (solid line) which is the sum of non-resonant, resonant
and sub-threshold resonance contributions. The lower and upper dashed lines gives the limits of
our S-factors and correspond to the case when the SF of the 3/2+ state is taken as either 1 or 10,
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Figure 2: Calculated astrophysical S-factor for the 7Be(α, γ)11C reaction corresponding to the solid
line in Fig. 1. The S-factor gets contributions from non-resonant and various resonances displayed
separately. The dotted line is due to the central sub-threshold component. The dashed line is
for direct capture. The dotted-dashed line (lowest energy resonance) is for the 5/2+ resonance at
Ex = 8.8699 MeV (Er = 1.16 MeV). The dotted-dotted-dashed line is for the 3/2
− resonance at
Ex = 9.645 MeV (Er = 2.11 MeV). The dashed curve is for the 5/2
− resonance at Ex = 9.780
MeV (Er = 2.24 MeV) and the dotted-dashed line is for the 7/2
− resonance at Ex = 9.970 MeV
(Er = 2.43 MeV).
respectively. We compare our calculations with that from NACRE-II. The cyan band in the figure
shows the limits of the S-factor from the NACRE-II compilation [26], where the contribution of
sub-threshold state is taken from Ref. [27]. We also plot the S-factors of the two narrow resonances
at Er = 0.560 (dot-dashed line) and 0.877 MeV (double-dot-dashed line), respectively, calculated
with the Breit-Wigner formula.
In Fig. 2 we break down the contributions contributions from non-resonant and various reso-
nances for our calculated astrophysical S-factor for the 7Be(α, γ)11C reaction corresponding to the
solid line in Fig. 1. The S-factor gets contributions from non-resonant and various resonances dis-
played separately. The dotted line is due to the central sub-threshold component. The dashed line
is for direct capture. The dotted-dashed line (lowest energy resonance) is for the 5/2+ resonance
at Ex = 8.8699 MeV (Er = 1.16 MeV). The dotted-dotted-dashed line is for the 3/2
− resonance
at Ex = 9.645 Mev (Er = 2.11 MeV). The dashed curve is for the 5/2
− resonance at Ex = 9.780
MeV (Er = 2.24 MeV) and the dotted-dashed line is for the 7/2
− resonance at Ex = 9.970 MeV
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(Er = 2.43 MeV).
3.2 Reaction rates and the 7Li abundance
The S-factor obtained above (solid line in Fig. 1) is then used as an input in Eq. (9) to calculate
the reaction rate. In order to get the total reaction rate we also add the contributions of the two
narrow resonances calculated using Eq. (11). In Figure 3, we plot our total reaction rate along
with the non-resonant and resonant contributions of two narrow resonances, 3/2− at Er = 0.560
and 5/2− at 0.877 MeV, respectively. The non-resonant rate includes contributions from direct
capture and capture through the sub-threshold resonance. It is clear from the figure that the total
rate is mainly contributed by the non-resonant rate up to the temperature 2.5×108 K. Beyond this
temperature, the 3/2− resonance governs the reaction rate. Around the temperature of 1 × 109
K the 5/2− resonance at 0.877 MeV also starts contributing significantly along with the other
high energy resonances listed in Table 1. Beyond the temperature 1.5 × 109 K, the narrow 5/2−
resonance starts dominating over the 3/2− resonance and their difference increases significantly
with temperature. Figure 2 clearly indicates that the two experimentally observed resonances
play a major role in the calculation of the reaction rate. It is also clear from the figure that for
temperatures in the range important for BBN (up to about 1× 109 K) contributions to the rate
from higher resonances are very small.
After calculating the total rates, we include these in the BBN network calculations to study
the effect of 7Be(α, γ)11C reaction on the 7Li abundance. We use ηB = 6.1×10−10 and the neutron
lifetime equal to 880 sec. Our preliminary finding is that the 7Be(α, γ)11C reaction calculated using
the available information on various low energy resonances, has no appreciable effect on the 7Li
abundance. Considering the uncertainty of the spectroscopic factor used [26], we have also tried
to increase the reaction rates, specially in the low energy region, to check if any significant changes
arise in the 7Li abundances due to increase in 7Be(α, γ)11C reaction rates. It is worth noticing
that multiplying these reaction rates with a large number, say 104, does not yield any significant
change in the 7Li abundance. This ensures that with the present spectroscopic information of
11C, there is no apparent solution of the lithium problem arising from significant variations of the
7Be(α, γ)11C reaction rate.
4 Summary
In summary, we have studied the 7Be(α, γ)11C reaction using a two-body potential model [31,
32] in order to assess its impact on the primordial 7Li abundance. As with other theoretical
models, we have shown that it is basically impossible to generate low energy resonances in 11C
of relevance for the big bang nucleosynthesis. For the reaction rate calculations corresponding to
BBN temperatures, the low energy region (Er = 100− 700 keV) of the S-factor has contributions
from the decaying tail of the sub-threshold resonance at Er = −0.045 MeV and by the tails of
a few high energy resonances. Given the unavailability of observed spectroscopic information on
the sub-threshold state, we extract these from the mirror nucleus 11B and calculate the S-factor
for this state which comes out significantly larger than those reported in Ref. [27] obtained with
the resonating group method.
The reaction rates calculated for the 7Be(α, γ)11C reaction has no impact on the primordial
7Li abundance. Increasing such rates by an absurdly large factor (namely, about 104 times) does
not yield any significant change in the 7Li abundance.
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Figure 3: Total reaction rate (solid black line) of 7Be(α, γ)11C reaction in the temperature range
107− 1010 K. We also plot individual contributions of two low-lying narrow resonances along with
the non-resonant rate (non-reso). The contribution of the 3/2+ sub-threshold state is included in
our non-resonant rate. The dotted line shows the reaction rate published by NACRE II [26].
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